We have previously used site-directed mutagenesis to introduce basic residues (i.e. Arg; 3 Lys) in the nucleic acid binding cleft of the Moloney murine leukemia virus reverse 4 transcriptase (MMLV RT) in order to increase its template-primer (T/P) binding affinity.
Introduction
1 2 Retroviral reverse transcriptase (RT) [EC 2.7.7 .49] possesses RNA-and 3 DNA-dependent DNA polymerase as well as RNase H activities. Moloney murine 4 leukemia virus (MMLV) RT is extensively used in cDNA synthesis [1] . MMLV RT is a 5 75-kDa monomer, comprised of the fingers, palm, thumb, and connection subdomains 6 and an RNase H domain [2, 3] . The active site of the DNA polymerase activity is located 7 in the palm subdomain while residues in the fingers and thumb subdomains participate 8 in nucleotide and primer binding. 9 Improving the efficiency of the RT DNA polymerase activity at high temperatures 10 has been an important area of research in biotechnology. Available RTs efficient at high 11 temperatures have been obtained by inactivating their RNase H activity [4] [5] [6] [7] [8] , or by 12 improving template-primer binding affinity [9] [10] [11] . Random mutagenesis [12, 13] and 13 rational design [9] [10] [11] have been used to generate those RT variants. Thermostable RTs 14 from MMLV [4] [5] [6] , avian myeloblastosis virus (AMV) [5, 7] , and human 15 immunodeficiency virus type 1 (HIV-1) [8] have been generated by deleting the RNase 16 H domain [5] or by site-directed mutagenesis of the catalytic residues of the RNase H 17 activity [6] [7] [8] . Using random mutagenesis, Arezi and Hogrefe identified five stabilizing 18 mutations of MMLV RT (i.e. E69K, E302R, W313F, L435G, and N454K) [12] , and 19 Baranauskas et al. indentified another five stabilizing mutations (i.e. L139P, D200N, 20 T330P, L603W, and E607K) [13] . The obtained RTs with mutations 21 E69K/E302R/W313F/L435G/N454K [12] and L139P/D200N/T330P/L603W/E607K 22 [13] exhibited remarkable thermostability.
In the case of 23 E69K/E302R/W313F/L435G/N454K, thermostabilization has been attributed to an 24 3 increase in template-primer (T/P) binding affinity. 1 We have previously identified five stabilizing mutations (E286R, E302K, L435R, 2 V433K, and V433R) [9, 10] by introducing basic residues in the nucleic acid binding 3 cleft of the RT. In those studies, we hypothesized that the introduction of positive 4 charges increases the thermostability of MMLV RT by improving its ability to bind the 5 T/P that is negatively charged. Now, we show evidence that reveals that mutations 6 E286R, E302K, and L435R responsible for the higher thermal stability of the RT do not 7 affect T/P binding affinity, but abolish the RNase H activity of the polymerase. Recombinant MMLV RT was prepared as described previously [6] . trichloroacetic acid for 10 min each followed by one wash with chilled 95% ethanol.
7
The amounts of [ 3 H]dTTP incorporated were determined by scintillation counting in 2.5 8 ml of Ecoscint H solution (National Diagnostics, Atlanta, GA) using a LSC-5100 9 apparatus (Aloka, Mitaka, Japan), and the initial reaction rate was determined. The DNA polymerase activity of MMLV RT in the absence of one dNTP was 22 determined using a method previously described [14] . Briefly, the reaction (40 µl) was The RNase H activity of MMLV RT was determined as described previously [15] . 
Preparation and characterization of MMLV RT 17
We previously generated four thermostable MMLV RT variants by introducing 18 single amino acid substitutions (E286R, E302K, L435R, and D524A) as well as one 19 quadruple variant (E286R/E302K/L435R/D524A, designated as MM4) [9] . Wild-type 20 enzyme (WT) and all mutant RTs were expressed in E. coli and purified to homogeneity.
21
RTs were judged to be pure by SDS-PAGE, and the Mr values obtained were around 22 75,000 ( Fig. 1A ).
23
DNA polymerase activities of all enzymes were determined at 37ºC after 24 8 incubation at 50ºC for 10 min in the presence and absence of T/P ( Fig. 1B) . Each 1 enzyme exhibited higher relative activity in the presence of T/P than in its absence, and 2 all variants exhibited higher relative activities than WT both in the presence and the 3 absence of T/P. These results are in agreement with those published in our previous 4 report [9] . 5 We measured UV, CD, and fluorescence spectra of the purified enzymes. All 6 enzymes exhibited similar UV spectra with maximum absorbance at 275 nm ( Fig. S1A) . concentraton of the RT-T/P complex versus the total T/P concentration in the 20 preincubated mixture. Saturation curves were obtained for DNA/DNA ( Fig. 2A ) and 21 RNA/DNA (Fig. 2B) templates remained uncleaved after 40-min incubation at 37ºC (Fig. 4A ).
9
In reactions carried out with HIV-1 RT, the RNA strand of an RNA/DNA hybrid is The structure of the polymerase domain of XMRV RT bound to an RNA/DNA complex
17
[18] reveals that Glu302 interacts with the T/P, but Glu286 and Leu435 are away from 18 the nucleic acid binding cleft and long-distance effects appear to be responsible for the 19 lack of RNase H activity of the corresponding mutants (Fig. S2) .
20
In addition, the results of fidelity assays show that mutations that increase the 21 thermal stability of the MMLV RT have a relatively minor effect on the accuracy of the 22 polymerase. Among the studied mutations, only E302K produced a very modest 23 improvement in the fidelity of the enzyme, detected only at selected sites in primer 24 extension assays carried out in the absence of one nucleotide (Fig. 3 ).
1
In our study, all variants lacked RNase H activity, as demonstrated using four 2 different RNA/DNA substrates. Two of them were designed with a template overhang to 3 cover the DNA polymerase and the RNase H active sites simultaneously (Fig. 4A and   4 B), a third substrate lacks the overhang and would bind only to the RNase H active site 5 (Fig. 4C) , while the fourth one is expected to bind any of the two active sites, but not 6 both simultaneously, due to the relatively short distance between the 3´ end of the DNA 7 primer and the putative RNase H cleavage site (Fig. 4D ).
8
Taking into account the structures of those substrates, we suggest that the three 9 stabilizing mutations would alter the trajectory of the T/P and prevent its proper binding - Fig. S2 . Location of relevant residues in the crystal structure of the polymerase domain of XMRV RT. The RT backbone is represented with a green cartoon, the RNA/DNA template-primer is shown with spheres (yellow and cyan). Catalytic aspartic acid residues (positions 150, 225, and 226) are shown with orange spheres. Residues equivalent to those replaced in the MMLV RT are indicated in red (i.e. Glu286, Glu302, and Leu435). Coordinates were taken from Protein Data Bank file 4HKQ and the structure was drawn using the PyMol molecular software (http://www.pymol.org).
